Abstract
I. INTRODUCTION
RAME rate up-conversion (FRC) is necessary for conversion between various display formats with different frame rates. For high frame rates simple FRC algorithms such as frame repetition and linear interpolation by temporal filtering have been used, but these simple algorithms produce motion jerkiness into the motion portrayal and blurring of moving objects. To reduce the motion jerkiness and blurring in the FRC, several motion-compensated frame rate upconversion (MC-FRC) algorithms have been developed [1] - [5] , [11] , [14] . However, block artifacts are introduced by MCI whenever the motion estimation (ME) is incorrect. To overcome these problems, vector-based nonlinear conversion algorithm has been developed [3] . ME algorithm used in [7] resorts to finding true motion vectors using neighborhood relaxation with multi-candidate prescreening. Also, to reduce the block artifacts in interpolated images, MCI with median filtering is used in image intensity domain [2] , [4] and multiple motion trajectories that pass through interpolated pixel location are considered to refine the motion vector estimation [2] . However, these MC-FRC methods have difficulty in evaluating how reliable the estimated motion vectors are or how to decide which one of possible motion vectors is the most likely true motion vector.
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R.-H. Park is with the Department of Electronic Engineering, Sogang University, Seoul, Korea (e-mail: rhpark@ccs.sogang.ac.kr).. Also, block artifacts on the block boundaries can be introduced by block-based processing. Block-based MEs typically yield block artifacts in occlusion area, which leads to annoying artifacts in the interpolated video sequences. To deal with the occlusion area, specific MEs and MCIs based on segmentation including covered/uncovered region detection are utilized [8] , [10] - [12] . Generally, these block artifacts are effectively reduced by overlapped block motion compensation (OBMC) that provides improved prediction accuracy as well as better subjective quality in video coding at the expense of increased computational complexity [5] . However, when the OBMC is applied to all blocks of interpolated images, interpolated images can be blurred. Thus, an adaptive algorithm for OBMC is needed to reduce blurring.
In this paper, we present a novel FRC technique based on WAMCI. The proposed method is based on the ME/MC between two adjacent frames. Once motion vectors are estimated, the proposed method evaluates the accuracy of the estimated motion vectors in the multiple motion trajectories and then favors the good MCI result. Also, as an attempt to reduce the block artifacts on the block boundaries by blockbased processing, the proposed method utilizes a technique similar to OBMC. In order to achieve high-quality conversion, the proposed reduction technique of block artifacts is applied adaptively depending on the motion type of the interpolated blocks.
Section II presents details of the proposed method, including the conventional ME, the motion analysis, and the weighted-adaptive MCI based on multiple motion trajectories. In Section III, experimental results are given and discussed. Finally, Section IV concludes this paper. Fig. 1 shows the block diagram of the proposed MCFRC scheme. The first step in the proposed method is to determine the motion of the objects in a scene. The proposed method is based on block matching algorithm (BMA). BMA has been widely used to determine the motion vectors between two adjacent frames because of its simplicity and the ease of hardware implementation. However, BMA has some limits and cannot cope properly with complex scenes, which is motivated by the fact that a complex motion can be approximated by a sum of infinitesimal translations [6] . Once the ME using the BMA is performed on the entire frame image and all the motion vectors are available, we refine estimated motion vectors in the first step. The refinement of motion vectors in the proposed method is based on a simple smoothing technique in motion vector field. Then we perform the motion analysis. The purpose of the motion analysis is to find out what type of motion the current block contains. In addition, motion analysis contains the graceful degradation used in [2] . If the block is regarded as a block with unreliable motion vector, the block is considered to have low confidence and will be disqualified. Finally, to prevent degradation of picture quality due to block artifacts, the WAMCI based on multiple motion trajectories is performed. To obtain the multiple motion trajectories at the interpolated block, we assume the motion vector field is smooth. Also, the proposed WAMCI utilizes adaptively the OBMC for reduction of the block artifacts on the block boundaries.
II. PROPOSED MC-FRC

A. Motion Estimation
The proposed MC-FRC method utilizes the BMA based on the matching of blocks between two adjacent frame images. The BMA model usually assumes that an image is composed of rigid objects in translational motion [6] . Let two adjacent frame images be denoted by
, where x and n are the spatial and time domain indices, respectively. The motion vector of a given block is obtained by
where ξ is the sum of absolute difference (SAD) and B denotes a set of pixels in the current block in the search range S of ME. The estimate of the motion vector is taken to be the value of v that minimizes the SAD. However, SAD criterion often misses the true motion vectors, due to image noises, object occlusion, lighting variation, and existence of multiple minimal SAD [7] , as shown in Fig. 2 . ME based on BMA introduces unreliable motion vector fields, block artifacts, and poor MCI along moving edges [6] . In order to reduce the failure of ME, several methods such as tracking algorithm using neighborhood relaxation with multicandidate prescreening [7] , motion vector refinement techniques based on the spatio-temporal smoothness [9] , [14] , [15] , and hierarchical motion estimation [13] have been proposed. However, regularization approach to ME shows trade-off between the computational complexity and the regularity for hardware architecture. The proposed method prefers the regularity for hardware architecture to computational complexity. Thus, full-search BMA (FSBMA) is performed in the first step. These estimated motion vectors are the initial motion vectors in the next step. The refinement of the initial motion vectors is performed, which finds the location minimizing the SAD in the restricted search range using the initial motion vectors. Here, to avoid the erroneous motion vectors, the initial motion vectors are corrected by the smoothness of the motion vector fields.
B. MCI Using the Weighted Motion Error
Once motion vectors for all the blocks are determined, this motion information is utilized in MCI. As shown in Fig. 3 , if the interpolated frame image exists temporally halfway between adjacent frames, the interpolated frame image is given by
If the estimated motion vectors are incorrect, the interpolated frame image has block artifacts. The refinement of estimated motion vectors is used in ME, but the determined motion vectors can be incorrect. To reduce the block artifacts, nonlinear filtering considering multiple motion trajectories is developed in [2] . However, nonlinear filtering used in this method is not sufficient to be reflected in the accuracy of the estimated motion vectors. In the proposed method, the accuracy of the estimated motion vectors associated with multiple motion trajectories is utilized. The accuracy of the estimated motion vector v is given by 
The accuracy function ) (v Φ tells us how reliable the estimated motion vector is [2] . When the estimated motion vectors are unreliable, the accuracy of estimated motion vector is low. To get the multiple-candidate MCI in the interpolated block, the motion vectors of adjacent blocks surrounding the interpolated block at center can be used under the assumption that the motion vector field is smooth [2] . The results of the multiple-candidate MCI are given by
is the index of the neighboring blocks. Thus, the result of the WAMCI is given by
The accuracy of the estimated motion vectors is inversely proportional to SAD. Therefore, the largest (smallest) weight is assigned to the result that is likely to be the best (worst). Also, we perform motion analysis to find out what type of motion the interpolated block has. By using the proposed method based on both the WAMCI and motion analysis, block artifacts can be reduced significantly. Another drawback of block-based processing is block artifacts on the block boundaries as shown in Fig. 4 . As an attempt to reduce these block artifacts, techniques similar to the OBMC methods are successfully employed. In the proposed method, the reduction method used in [5] is utilized. However, when this technique is applied to all interpolated blocks, image quality in the interpolated blocks without block artifacts is degraded by blurring because of overlapping processing. Therefore, the reduction technique of block artifacts is applied adaptively depending on whether there are block artifacts on the block boundaries in the interpolated blocks. Typically, block artifacts on the block boundaries in the interpolated blocks are caused by discontinuities in motion vector fields [5] . In the proposed method, a technique similar to the OBMC method is applied adaptively depending on the motion types of the interpolated blocks. The motion types of the interpolated blocks are decided by the proposed motion analysis.
C. Motion Analysis
Once the ME is performed on the entire frame and all the motion information is available, we perform motion analysis. The purpose of the motion analysis is to find out what type of motion the current block contains. In particular, we are interested in whether there are motion discontinuities in motion vector fields. To detect the motion discontinuities in motion vector fields, we use valuable information such as motion vectors, motion error that is SAD in the proposed method. Here, motion error between the two consecutive frames can be changed by motion and noise under the hypothesis that there is no correlation between the noise and the signal [16] . However, BMA model used in the proposed method does not fit to motions with small rotation and scaling in a scene. Thus, gradients in an image have influence on the motion error. In this paper, we assume that motion error is affected by only three factors, e.g. motion, gradients, and noise. If there is no motion between the two blocks, the motion error of the two blocks is less than adaptive threshold T ξ . Adaptive threshold by our modification of [16] is given by where η is noise with constant level and G ξ is given by , this motion type is deformable and there is motion which cannot be fit to BMA model. The decision of motion type using the adaptive threshold is summarized in Table I . We found heuristically that motion discontinuities are very likely to have deformable motion type. Therefore, when the block has deformable motion type, an OBMC technique is performed in the proposed scheme.
III. EXPERIMENTAL RESULTS
In this section, we illustrate some experimental results of the proposed algorithm. In all the experiments, FSBMA is used for ME between two adjacent frame images. The block size is 16×8 and the search range is set to ±16 pixels for the horizontal direction and ±8 lines for the vertical direction.
The performance of the proposed algorithm is tested with various test sequences. In this paper, we present only three test sequences: News, Debate, and Lady. All test sequences consist of SD images and scaled up to HD images using the cubic interpolation [17] . Also, these test sequences are converted by the adaptive interlaced-to-progressive conversion algorithm used in [18] . The experiments are mainly on doubling the frame rate. Note that many conversion ratios can be obtained by selecting appropriate number of frames from the framerate-doubled sequences. Subjective image quality of the converted sequences is checked frame-by-frame.
The proposed method relies on ME, motion analysis, and weighted-adaptive MCI considering multiple motion trajectories in order to avoid block artifacts. Our standpoint on subjective image quality is that block artifacts in frame-rate converted sequences are the main obstacles in adoption of the MC-based FRC's. Hence, we demonstrate the performance of the proposed algorithm with a couple of examples, in which severe block artifacts due to incorrectly estimated motion vectors are eliminated completely or reduced at least by the proposed algorithm. In this paper, the reconstructed images by a conventional method are presented by ME based on FSBMA and a simple MCI.
TABLE I MOTION TYPE DECISION USING THE ADAPTIVE THRESHOLD
Based on the estimated motion vector Based on zero motion vector 6 is an example of the scenes with constant-velocity motion of the stock ticker. The motion is simple, but some text is difficult to discriminate the true motion in search technique. In this case, SAD criterion misses the true motion vectors due to multiple minima. A conventional method introduces severe block artifact, which is visible at some text. The sequence converted by the proposed algorithm shows no perceptual artifacts. This is due to the adaptive nature of the algorithm and the fact that the algorithm considers the multiple motion trajectories. A single motion vector may be incorrectly estimated, but not all the motion vectors of the neighboring blocks. There is a true trajectory among many trajectories directed by the neighboring motion vectors. One can see the subjective image quality is enhanced significantly from the image obtained by the simple MC-FRC algorithm. Fig. 7 is an example of the scenes with complex motions. The objects in the foreground and background move in different speeds and directions. Also, there are pattern-like images that are very likely to introduce incorrect motion vector. Thus, block artifacts are found easily in the conventional method. Especially, the pattern-like image converted by the conventional method shows severe block artifacts. In this case, the proposed WAMCI associated with the accuracy of the estimated motion vectors produces the images with graceful degradation. Fig. 8 is an example of the scene with motion discontinuities in the motion vector fields. In this case, the block artifacts on the block boundaries are introduced by block-based MCI as shown in Fig. 8(b) . In the proposed method, to reduce these block artifacts and blurring by overlapping processing, adaptive OBMC is performed. When the motion type of a block is decided as deformable by the proposed motion analysis, the WAMCI with OBMC is performed. Fig. 8(c) shows the detected blocks with deformable motion type. The interpolated blocks with block artifacts have deformable motion types. Thus, the block artifacts on block boundaries are reduced by adaptive OBMC as shown in Fig. 8(d) . In this case, we resort to temporal linear interpolation, since it is noticed that block artifacts are more annoying than blurring due to temporal linear interpolation. 
IV. CONCLUSION
In this paper, the MC-FRC using the WAMCI and motion analysis for the adaptive OBMC is proposed. The proposed technique effectively reduces the block artifacts associated with the failure of ME and block-based processing. The block artifacts by the failure of ME are reduced by weighted sum of multiple MCI associated with the accuracy of estimated motion vectors. Also, the proposed method applies the OBMC adaptively to reduce the block artifacts on block boundaries and blurring artifacts by overlapping processing. To apply the OBMC, the proposed motion analysis is performed. Experimental results show that the proposed scheme outperforms the conventional MCI in terms of the block artifacts while not significantly increasing computational complexity. 
